Aims/hypothesis The aim of this study was to examine the effect of Roux-en-Y gastric bypass (RYGB) surgery on diabetes remission, subsequent diabetes relapse and micro-and macrovascular complications in individuals with type 2 diabetes and obesity (BMI >35 kg/m 2 ) in a real-world setting. Methods This was a population-based cohort study of 1111 individuals with type 2 diabetes treated by RYGB at hospitals in Northern Denmark (2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015), and 1074 matched non-operated individuals with type 2 diabetes. Diabetes remission was defined as no glucose-lowering drug use with HbA 1c <48 mmol/mol (<6.5%), or metformin monotherapy with HbA 1c <42 mmol/mol (<6.0%). Data on complications were ascertained from medical registries with complete follow-up.
Introduction
Within the last 20-30 years, bariatric surgery has been introduced as a treatment for obesity with and without type 2
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00125-019-4816-2) contains peer-reviewed but unedited supplementary material, which is available to authorised users. diabetes [1, 2] . Until recently, Roux-en-Y gastric bypass (RYGB) was the surgical procedure of choice, especially when treating individuals with both obesity and type 2 diabetes [3] . Depending on study design and baseline participant characteristics, reported short-term resolution of type 2 diabetes following RYGB varies from 75% to 90% [4] [5] [6] [7] [8] [9] [10] . In single-centre clinical trials, younger age, lower HbA 1c , shorter diabetes duration, male sex and lesser severity of diabetes has predicted higher chance of diabetes remission [11, 12] . On the other hand, emerging long-term follow-up data reveal a considerable risk of type 2 diabetes relapse after initial remission [12, 13] . Whether chances of remission, relapse and predictors of remission apply to large real-world population-based cohorts with complete follow-up is unknown [14, 15] .
A few long-term follow-up studies have examined the effect of mixed bariatric surgical procedures on micro-and macrovascular complications of diabetes in larger cohorts. The Swedish Obese Subjects (SOS) study reported 56% and 32% reduced risk, respectively, of microvascular and macrovascular complications in 343 participants (13% with RYGB) for 17.6 years [16] . Johnson et al reported 78% and 61% reduced risk of microvascular and macrovascular complications, respectively, in 2580 participants (percentage with RYGB not reported) during 21 months of follow-up [17] . Very recently, O'Brien et al reported a 59% reduced risk of microvascular complications in 4024 operated individuals (76% with RYGB) during 4.3 years of follow-up [18] ; macrovascular complications were not investigated.
We used real-world Danish healthcare data with complete follow-up to investigate the effect of RYGB on diabetes remission, predictors of non-remission, risk of diabetes relapse, risk of surgical complications and the incidence of micro-and macrovascular complications in a type 2 diabetes cohort treated by RYGB and a matched non-operated type 2 diabetes comparison cohort.
Methods
Setting We conducted a population-based observational cohort study in individuals with type 2 diabetes living in Northern Denmark (1.8 million residents). All Danish residents are assigned an identification number in the Danish Civil Registration System (CRS) either at birth or upon immigration, which allows unambiguous individual-level linkage of registries with complete follow-up [19] . In this study, we linked data from the CRS [19] , the Danish National Patients Registry (DNPR) [20] , the Danish National Health Service Prescription Database (DNHPD) [21] and the LABKA database (with clinical laboratory information from both primary and secondary care), ensuring complete data coverage of the entire population [22] . The Danish National Board of Health provides the Danish population with tax-supported healthcare, including partial reimbursement of prescription drug expenses and full payment for bariatric surgery if fulfilling specific criteria (BMI >35 kg/m 2 in the case of type 2 diabetes) [23] . Baseline variables and potential confounders From the CRS and DNHPD, we retrieved information on age, sex and treated diabetes duration (time since first GLD prescription) on the index date. We also ascertained data on potential confounders associated with RYGB as choice of treatment and subsequent chance of diabetes remission or risk of diabetes complications. From the DNHPD, we assessed use of drugs, including type of GLD and blood-pressure-lowering, lipid-lowering and antithrombotic drugs (within 100 days before the index date). Micro-and macrovascular complications within 10 years prior to index date, including diabetic retinopathy, nephropathy and neuropathy, cerebrovascular disease, ischaemic heart disease and peripheral and abdominal vascular disease were assessed from the DNPR as described in detail in ESM Table 1 . Likewise, we retrieved data on 19 major comorbid disease categories according to the Charlson Comorbidity index (CCI) based on the DNPR [24, 25] . We calculated the CCI score for each individual, excluding diabetes as this was the index disease in our study [26] . Diabetes complication outcomes Study outcomes included microvascular complications (diabetic retinopathy, diabetic neuropathy and diabetic kidney disease) and macrovascular complications (ischaemic heart disease, cerebrovascular disease and peripheral-and abdominal vascular disease) and were ascertained using all available inpatient and outpatient diagnoses recorded in the DNPR [28, 29] (ESM Table 3 ). In addition, we assessed changes in serum creatinine and eGFR.
Risk of surgical complications
We calculated the risk of readmission with surgical complications at 30 and 90 days following RYGB, applying a previously published algorithm [30] . Details are shown in ESM Table 4 .
Statistical analysis
We followed all participants from the index date until death, emigration out of Northern Denmark or end of study period (31 December 2015) . Loss to follow-up was not a concern because Danish registries receive complete data through mandatory reporting from the entire Danish public healthcare and administrative system. We presented baseline characteristics as medians with interquartile range (IQR) and proportions (n [%]). For each 6 month period after the index date, each individual was categorised as being in diabetes remission or not (i.e. prevalent remission [15] , with the ability to shift category every 6 months and vice versa), with diabetes remission within the first year after the index date as primary endpoint. Next, we used modified Poisson regression to explore predictors for not achieving the diabetes remission endpoint in the RYGB cohort. Third, in the subgroup of the RYGB cohort with diabetes remission within the first year, we assessed the annual prevalence of diabetes relapse from day 366 and onwards, with our main endpoint being prevalence of relapse at year 5. Fourth, we calculated incidence rate (IR) and incidence rate ratio (IRR) of incident micro-and macrovascular complications (hospital coded) and renal outcomes (LABKA database) and applied Cox proportional hazards regression analysis to estimate hazards of incident microvascular and macrovascular complications following the index date in the RYGB cohort vs the age-, sex-and diabetes duration-matched comparison cohort. We further adjusted in the final models for index date values of HbA 1c , history of microvascular complications (for macrovascular endpoint also for macrovascular history), level of CCI score, mental depression, use of blood-pressure-lowering, lipid-lowering and antithrombotic drugs and type of GLD used. Fifth, we used Cox regression to examine hazards of diabetes complications, comparing RYGB-operated individuals with and without successful diabetes remission within the first year, starting follow-up at day 366 and excluding from this analysis all RYGB-operated individuals with micro-or macrovascular complications between the index date and day 365. In this analysis, sample size allowed for adjustment for sex, age, diabetes duration and micro-and macrovascular disease before the index date. For all Cox regression models, proportional hazards assumption was fulfilled after controlling log-log plots and residuals. 0%]) and proportion with microvascular complications were also similar, while baseline macrovascular complications and use of blood-pressure-lowering drugs were more prevalent in the RYGB cohort (Table 1) .
Results

Characteristics of cohorts
Diabetes remission and relapse following RYGB As shown in Fig. 1 , during the first 6 months of follow-up 65% of the RYGB cohort fulfilled criteria of remission, increasing to 74% at 6-12 months and surpassing 70% prevalent remission for every 6 month period in the first 5 years. The corresponding data for the comparison cohort are shown in ESM Fig. 1 . Among individuals in the RYGB cohort who were in remission within the first year of follow-up, 6% (47/746), 12% (82/689), 18% (111/ 620) and 27% (133/492) had relapsed at 2, 3, 4 and 5 years after RYGB, respectively (ESM Fig. 2 ). Thus, 73% (359/492) of those in remission after the first year were still in remission 5 years after RYGB. Nevertheless, since the prevalent remission stayed above 70%, this implies that some RYGBoperated individuals who were not deemed to be in remission within the first year achieved remission later in the follow-up period. Characteristics of the RYGB cohort based on remission (n = 786) or non-remission (n = 275) status within the first year of follow-up are shown in ESM (Fig.  3b) , with an adjusted HR of 0.76 (95% CI 0.49, 1.18).
When examining hazards of diabetes complications, comparing RYGB-operated individuals with and without achieved diabetes remission within the first year, microvascular events were 57% lower in those with remission (HR 0.43 [95% CI Fig. 1 Proportion of RYGB-operated individuals with diabetes remission (blue) and non-remission (red) assessed every 6 months during the first 5 years of follow-up. Each individual had the ability to shift from remission to non-remission status and vice versa every 6 months during followup (i.e. prevalent remission was investigated [15] Surgical complications During the first 30 days following RYGB, the risk of readmission due to any surgical complication was 7.5% (84/1109) (ESM Table 8 ). The 90-day mortality following RYGB was <0.5%.
Discussion
In this population-based real-world study with complete followup for median 5.3 years, 74% of individuals with type 2 diabetes treated by RYGB experienced diabetes remission after one year. There was a lower chance of remission with older age, increased diabetes duration and greater severity of diabetes at index date. Twenty-seven per cent of those in remission at 1 year experienced relapse after 5 years. Of importance to patients and healthcare providers, those who underwent RYGB surgery had substantially decreased risk of subsequent microvascular complications and a (not statistically significant) decreased risk of subsequent macrovascular complications as compared with non-operated individuals with type 2 diabetes; successful diabetes remission at 1 year was a clear predictor of fewer microvascular complications. The 30 day risk of readmission due to surgical complications after RYGB was 7.5%, higher than we previously reported among RYGB-operated individuals overall (3.3%) [30] , most likely because type 2 diabetes per se disposes to surgical complications. Surgical short-term mortality was very low (<0.5%).
As Isaman et al have stressed, diabetes remission rates following RYGB reported in the literature vary substantially (25-83%) depending on definition of remission, study duration, choice of statistical analysis, whether or not attrition rates are taken into account and whether the setting is population or clinic based, hampering generalisability of previous results [15] . We deviated from the usual definition of diabetes remission [27] by counting an individual with HbA 1c <42 mmol/mol (<6.0%) and use of metformin only as being in diabetes remission, a definition applied in some RYGB outcome studies previously [31] . Building on the cardioprotective results of metformin observed in the UK Prospective Diabetes Study (UKPDS) [32] , it is clinical practice in Denmark to continue metformin despite observed diabetes remission [30] . This more liberal definition explains the higher remission rates seen in our comparison cohort compared with those reported in previous studies (13-20% vs 0-16%) [12, 13, 16] . On the other hand, we defined type 2 diabetes in our study by use of GLD and not by specific diagnostic criteria. By excluding at baseline RYGB-operated individuals with nonpharmacologically treated type 2 diabetes, which may more likely remit following RYGB, our rates of remission might be lower than those reported in previous studies. Still, our real-world data are largely consistent with previous non-population-based singlecentre observations of high 1 year diabetes remission rates [5, 7, 8, 10, 31] and 5 year relapse rates of approximately 30-50% [9, 12, 13] . Most interestingly, our findings of older age, higher HbA 1c , longer diabetes duration and pre-operative insulin treatment being associated with lack of remission following RYGB corroborate data from previous cohort studies [9] and singlecentre randomised trials [12] . It seems these remission predictors are consistently observed independently of study type and could be included in a remission scoring system [11, 33] . Overall, our findings add evidence to the importance of regular check-ups following RYGB, despite initial diabetes remission, and also suggest that timing of RYGB is important (i.e. consider RYGB while there are still functional pancreatic beta cells). Interestingly, but without any obvious explanation, we found a trend towards male sex being a positive predictor for diabetes remission; this was also reported by Arterburn et al [9] . Our 5 year prevalent remission rate of 70% concurs with previous findings [5, 34] . Of note, there is evidence that operated individuals not reaching the threshold for diabetes remission (whatever the definition) still display better glycaemic control than non-operated individuals, Time (years)   1074  952  874  766  669  499  269  1111  1021  949  850  758  578  319   0  1  2  3  4  5  6 Time (years)   1074  952  874  766  669  499  269  1111  1021  949  850  758  578 Table 3 with less use of GLDs than preoperatively [12, 13, 34] . This aligns with the theory of 'metabolic memory' introduced by Coleman et al [35] , suggesting that time spent in diabetes remission following RYGB is not spent in vain when it comes to reducing the risk of subsequent microvascular complications. An important strength of our study is the inclusion of individuals with type 2 diabetes treated by a single type of bariatric surgery. Furthermore, we present real-world clinical data in a population-based setting, representing 30% of the Danish population. Our data catchment area covers both urban and rural areas, all socioeconomic groups, and all types of hospitals/clinics. Because the Danish healthcare system is state-funded, the individual economy of each patient plays no role in whether or not RYGB is offered. This setting may reduce the selection bias arising from whether or not treatment is chosen, a bias that likely affects every non-randomised study on the effects of RYGB. Our setting also ensures complete follow-up through universally covering registries [15] , in contrast to clinic-based settings where patient attrition may be correlated to treatment failure [36] . Our relatively long follow-up of 5.3 years for micro-and macrovascular events is to our knowledge only surpassed by the SOS study group to date [16] . In contrast to the SOS study, which included all types of bariatric procedures, we did not depend on self-reported outcomes. Regarding diabetes remission, Adams et al presented an even longer follow-up, although that study was based on 88 participants with type 2 diabetes only [34] .
A main limitation of our study was the lack in our registries of individual-level data on BMI, a factor associated with risk of type 2 diabetes and macrovascular complications [37] . In a previous study (N = 1429), BMI in Danish individuals treated by RYGB was 46 kg/m 2 at time of surgery and 30 kg/m 2 at 4.5 years after surgery [36] . In comparison, the average BMI of a Danish person with type 2 diabetes is approximately 30 kg/m 2 [38] . This clearly indicates that our RYGB cohort had a considerably higher BMI than the comparison cohort at baseline, also corroborated by their higher baseline prevalence of cardiovascular disease and usage of blood-pressure-lowering drugs. Any uncontrolled confounding from BMI would therefore likely have led us to underestimate the protective effect of RYGB on diabetes complications, not changing our conclusions. We also lacked data on tobacco use, which may be lower in individuals with high BMI [39] and thus might have driven the cardiovascular risk estimate in the opposite direction [37] . However, we were able to include data on chronic obstructive pulmonary disease in our analysis; this is a strong marker of smoking and was in fact over-represented in the RYGB cohort. In addition, we do not have full data coverage on HbA 1c in every 6 month follow-up period (although better than previous studies of RYGB [40] ), which might limit the interpretation of remission and relapse. Finally, due to a limited number of the individual micro-and macrovascular complications, related both to study size and to the incomplete assessment of changes in for example retinopathy and albuminuria in registries, we lacked statistical power and were unable to calculate [18] . Data in this study originated from four healthcare databases in the USA; although there was a disenrolment rate of more than 25% in the surgical cohort during follow-up, the study had the strength of also being able to match for baseline BMI. O'Brien et al [18] found lower risks of diabetic kidney disease, diabetic retinopathy and diabetic neuropathy in the RYGB-operated cohort, while we observed the strongest associations for reduced kidney disease and retinopathy as the main drivers of reduced microvascular complications. Our findings of improved eGFR in the RYGB cohort during the first 5 years of follow-up may be partly due to the RYGB-induced weight and muscle losses and thus not only be reflective of improved renal function. Still, although RYGB may be associated with kidney disease [41] , the overall effect on kidney function appears beneficial, supported by findings on reductions in albuminuria and lower incidence of end-stage renal disease found in other studies [42, 43] . Finally, our finding that among individuals that had undergone RYGB, diabetes remission after 1 year conferred a 57% lower risk of microvascular complications (HR 0.43 [95% CI 0.25, 0.72]) additionally supports treatment by RYGB in the early years of type 2 diabetes, where chance for remission is greater.
When it comes to the effect of RYGB on macrovascular events, the magnitude of reduced risk (HR 0.76 [95% CI 0.49, 1.18]) that we observed during 5.3 years of follow-up-though statistically imprecise-aligns well with results of the observational SOS study reporting 32% reduced risk (HR 0.68 [95% CI 0.54, 0.85]) [16] and was lower than the 61% (HR 0.39 [95% CI 0.29, 0.51]) reduced risk reported by Johnson et al [17] . Again, our ability to adjust for diabetes duration and severity might partly explain the differences in estimates. We observed the strongest association for reduced ischaemic heart disease as the main driver of reduced macrovascular complications, corroborating findings from Eliasson et al [44] reporting reduced HR of fatal and non-fatal myocardial infarction (HR 0.51 [0.21, 0.91]) in individuals with type 2 diabetes treated by RYGB.
In conclusion, the findings from this study add to the growing body of evidence on effects of bariatric surgery, specifying that RYGB does remit type 2 diabetes and is associated with a reduced risk of microvascular, and possibly macrovascular, complications, also in population-based non-selected cohorts and especially if introducing surgery at an early stage of disease. Predictors of remission success seem to be very consistent in randomised controlled trials, studies of selected cohorts and population-based studies. On the other hand, there is a substantial risk of relapsing into type 2 diabetes, which should be accounted for when advising patients and planning post-surgery care. Data availability All data used in the study can be obtained by applying to Statistics Denmark.
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